Clay analysis plays a crucial role in studies of ancient ceramics, contributing with answers to better understanding resource exploitation strategies, production technologies, and regional and interregional interaction patterns. The vessels are made essentially by clays, the composition of the ceramics reflecting the origin of the clay materials used and conclusions may be inferred concerning the type of raw materials and the establishment of the geographic area of production. Different geochemical patterns found in clays from different geological contexts, consist on an important basis for the comparison with ceramics since the identification of the clays used for productions can contribute to delimit a potential area of clay resources and thus establishing provenance. This is particularly useful when no archaeological evidence of production exists. REE patterns are very important for the characterization of ceramic productions and their relation with raw materials, as subtle variations between them reflect differences in their relative behaviour in response to the chemical environment, making this group particularly useful in geochemistry studies. So, REE are crucial trace elements to pursue studies of raw materials and provenance establishment and trade routes reconstruction in ancient times.
IntroductIon
Ancient ceramics preserve a record of their raw materials within their composition, thus compositional profiles of ceramics and raw materials (clays and temper) are used to trace individual artefacts from their find spot to their origin. The chemical analysis of ceramics and raw materials in support of provenance research has grown rapidly over the past few decades. Compositional data together with classical archaeological approaches has been largely used in solving a broad variety of questions and an overview of these types of studies is well described and summarized in the literature (rIce 1987; chaPPell 1991; neff 1992; Velde & druc 1999; TITe 2008) . Chemical analysis of ceramics and of raw materials, determining the larger number of chemical elements as possible (especially trace elements), (1) IST/ITN, Universidade Técnica de Lisboa, EN 10, 28-953 Sacavém, Portugal, iprudenc@itn.pt (2) GeoBioTec (FCT), Univ. Aveiro, Campus de Santiago, Portugal (3) Departamento de Ciências da Terra, Universidade do Minho, Campus de Gualtar, 4710-057 Braga, Portugal is particularly useful in provenance studies. In this way, large data sets are generated, which need to be processed by computer with statistical programs. One important thing to not forget is that statistical analysis is only a tool to help us with very large amount of data matrixes (variables and samples) and remember that the results obtained are an approximation of the reality. The attribution of one pot to one particular site or compositional group is based on statistical probabilities. Thus the results obtained by statistical analysis must be checked taking into account geochemical considerations. In some cases, an important step prior to any statistical analysis is normalization of the chemical elements contents. Normalization in archaeological ceramics studies is defined as a procedure to compensate for the influence of natural (geological and ceramic burial time) and anthropogenic (technology of production) processes on the measured variability of the concentration of elements, emphasizing the importance of taking into account geochemical behaviour of the element chosen for normalization. Among conservative elements, scandium appears to be quite appropriate to normalize chemical data (dIas & PrudêncIo 2008) .
A discussion of pottery must include clay and its origin, composition and properties. Thus, the use of clay resources is very important in deciphering the provenance of a ceramic object, i.e., the geographic area where the object was produced, especially when no archaeological evidence of pottery workshops are found. In the past, the potter was tied to the local/regional resources for his production, and would have adapted local resources to answer specific needs. Sources of clays tended to be those easily available -soils or surface sediments are likely candidates.
the role of ree In ArchAeometrIc StudIeS
Among trace elements, rare earth elements (REE) can be particularly useful in distinguishing clayey materials resources. The subtle variations in the properties of REE make them sensitive to mineral/melt equilibrium, as well as to weathering conditions after the breakdown of primary minerals and the formation of new mineral phases, sedimentary sorting, and diagenesis (Mclennan 1989 ). These elements have very similar chemical and physical properties, and the dominant oxidation state is the +3 state; there is a small but steady decrease in ionic radius with increasing atomic number; therefore the REE tend to occur in nature as a group. The differences existing among the REE lead to differences in their relative behaviour in response to the chemical environment, making this group particularly useful in geochemistry since they can be a pointer of the genesis processes of the rocks and minerals and subsequent alterations.
The REE are usually divided in light REE (LREE), middle REE (MREE) and heavy REE (HREE). The fractionation between LREE and HREE is measured by the (La/Yb) ch ratio, i.e. the ratio between the La and Yb concentrations normalized to chondrites. REE occur in a trivalent state in most of the temperature-pressure conditions of the earth, except Ce and Eu. Under oxidizing conditions, Ce 3+ may be oxidized to Ce 4+ leading to a decrease in the ionic radius. This reaction occurs on a large scale in the marine environment, associated with the formation of manganese nodules, with a consequent depletion of Ce in ocean waters. On a smaller scale, this reaction also occurs in superficial environments during weathering (gouVeIa et al. 1993; PrudêncIo et al. 1993 PrudêncIo et al. , 1995 . Under reducing conditions, europium may exist in the divalent state. Europium is the only element for which a significant proportion of the ions in igneous systems are likely to be present in valences other than 3+, leading to an anomalous behaviour. This anomalous characteristic of Eu can be expected for many minerals, but is most pronounced for plagioclases, because Eu 2+ is similar to Sr 2+ and substitutes much more easily for Ca and Na in the large feldspar site than does Eu 3+ . The amount of feldspars (particularly plagioclase) or the fates of Eu after the breakdown of these primary minerals during weathering and sedimentary processes, have an important control on the Eu anomaly of residual or sedimentary clayey materials. Thus Ce and Eu anomalies may occur depending on several factors, and may be used as indicators of geological formations (PrudêncIo et al. 1993; Marques et al. 2011 Marques et al. , 2012 PrudêncIo 2009) .
Among the existing analytical methods for chemical contents determination, the instrumental neutron activation analysis (INAA) method has a number of advantages over most other analytical methods when investigating archaeological specimens. INAA is a sensitive, precise and accurate technique for quantitative multi-element analysis. A small amount of sample is required which is an obvious advantage when dealing with cultural heritage materials. The potential of this method as an archaeological tool to establish the provenance of archaeological ceramics was first recognized by Robert Oppenheimer in 1954 (sayre & dodson 1957; harboTTle 197) . Since then numerous works have been done using this method. After fifty years of successful NAA applications to archaeology, a special issue of Archaeometry (vol. 49, 2007) was published with contributions describing the history of several NAA laboratories and case studies of archaeological artefacts, including several case studies concerning ceramics provenance (dIas & PrudêncIo 2007; hancock et al. 2007; kIlIkoglou et al. 2007) . The application of the INAA method using the Portuguese Research Reactor (RPI) as neutrons source in support of provenance research has been largely used over the past few decades in the IST/ITN, where a large compositional database of ceramics from different chronologies and archaeological sites, as well as of raw materials exists nowadays dIas et al. 2002 dIas et al. , 2003a dIas et al. , 2003b dIas et al. , 2005a dIas et al. , 2005b dIas et al. , 2009 PrudêncIo et al. 1989; PrudêncIo et al. 2003 PrudêncIo et al. , 200, 2009 TrIndade et al. 2010a TrIndade et al. , 2010b Marques et al. 2010 Bracara Augusta (Braga, NW Portugal) was a Roman town recognized as a centre of production and distribution of pottery to a wide regional area (Mar- TIns & delgado 1995 TIns & delgado , 1989 TIns & delgado -90a, 1989 . Among the shards found in Braga, different types of Roman pottery could be recognized, such as Bracarense, polished fine grey, painted ceramics, late grey ceramics, local amphorae production, non-vitreous red slips ware and several types of common ware. Similar shards have been found in other archaeological sites of the NW Iberian Peninsula region, such as Aquis Querquennis (Galiza, Spain), which together with the absence of kilns near Braga, question the production centre's location. The chemical characterization of the pastes of different types of ceramics found in Bracara Augusta was done in an attempt to confirm the morphological classification by macroscopic observation of the pastes, with particular emphasis in the REE patterns. While provenance studies may be able to identify the kinds of clay material used in a particular type of pottery, they do not provide information on the cultural or socioeconomic context, such as the location of workshops, which depends on the finding of kilns, deposits of raw materials, wasters, etc. at a site. The approach adopted for the establishment of the existence of ceramic production in Bracara Augusta (town and vicinities areas) has been a combination of the abundance of the types of potteries (forms and paste types) and comparisons of the ceramic composition with clay resources available in the area (PrudêncIo et al. 200) .
The inventories of the regional clay materials between the city of Braga and the shoreline and their mineralogical characterization were previously re- Chemical analyses of shards (paste) and clay materials were performed by means of instrumental neutron activation analysis (INAA). Our procedure for INAA has been fully described elsewhere (PrudêncIo et al. 198, 1988) , and will only be summarised here: the analysis were performed using a γ-ray spectrometer consisting of a 150 cm 3 coaxial Ge detector and a low energy photon detector (LEPD), connected through Canberra 2020 amplifiers to Accuspec B (Canberra) multichannel analyser were used. This system had a FWHM of 1.9 keV at 1.33 MeV (coaxial Ge detector), of 300 eV at 5.9 keV and of 550 eV at 122 keV (LEPD). The irradiations were carried out in the core grid of the Portuguese Research Reactor (Sacavém) at a flux of 4.4x10 12 n×cm -2 s -1 for seven hours. This method allowed obtaining the concentrations of La, Ce, Nd, Sm, Eu, Tb, Yb, and Lu.
The first geochemical approach was done to the two main typological groups of ceramics pastes found in large amounts in Braga -Bracarense and common ware, in order to characterize in a compositional point of view, by using REE, trying to differentiate, or not, these two productions. The REE were normalized to chondrites (haskIn 1971) and the patterns obtained well characterize and differentiate those two types of paste (Fig. 1) . All ceramics have LREE/HREE fractionating, a significant Eu anomaly, and no important Ce anomaly was detected. Bracarense ceramics from Bracara Augusta (BA) and Aquis Querquenis (AQ) have similar Eu anomaly (BA=0.41; AQ=0.40) and REE fractionating degree [BA (La/Yb) ch =.1; AQ (La/Yb) ch =5.9]. Common ware (CW) have a similar Eu anomaly (CW=0.44) when comparing with Bracarense ceramics, but a higher REE fractionating [CW (La/Yb) ch =11.3]. These differences point to the use of different raw materials.
Concerning the clay deposits located near the coast, the sedimentary kaolin (Sk) is more concentrated in REE and the MREE and HREE contents vary more than the LREE, particularly La and Ce (Fig. 2) than the residual kaolin (Rk). In average the Eu anomaly of the sedimentary kaolin (Eu/Eu*=0.38) is more pronounced than the residual kaolin (Eu/ Eu*=0.52), and the fractionating degree is lower and less variable [Sk (La/Yb) ch =7.9; Rk (La/Yb) ch =8.5].
Concerning the clay deposits located near Braga (Fig. 3) The REE patterns of both sedimentary basin deposits and weathered materials suggest that the Prado sediments had a more important contribution of granites as source materials than of schists, especially due to higher REE content and similar Eu anomaly, which is usually a sign of inherited characteristics. On the other hand, the sediments from the small basins of Ucha and Quebrosas point to a composition more similar to the weathered schist (PrudêncIo et al. 200; PrudêncIo 2009) .
The chemical characteristics of clay resources and of the two types of ceramics studied (Bracarense and common ware) are a useful tool to attribute relationships between and within them, thus providing provenance insights. The comparison of REE behaviour showed that the most probable raw materials used to obtain the common ware paste, occurs near Braga, namely the clays of the Prado sedimentary basin, especially considering the similarity of the Eu anomaly (CW=0.44; PS=0.45) and of the REE fractionating (La/Yb) ch ratio (CW=11.3; PS=11.7) of both CW and PS. On the other hand the Bracarense ceramics have REE patterns similar to those found in the sedimentary kaolins, presenting comparable Eu anomaly (BA+AQ=0.41; Sk=0.38) and (La/Yb) ch ratios (BA+AQ=.1; Sk=7.9).
In this way, two main types of pastes appear to exist in shards of different typologies found in large amounts in Bracara Augusta and vicinity (the "Bracarense paste" and the "common ware paste"), pointing to local/regional productions with the use of two main types of local/regional raw materials (sedimentary kaolins and Prado sediments), clearly emphasized by REE patterns. The absence of archaeological evidence of ceramic production justifies the chemical clay tracing to establish provenance and confirm local/regional productions.
fInAl remArkS
Compositional analysis of archaeological ceramics and raw materials, together with classical archaeological methods are a powerful approach to solve questions dealing with provenance, technology and use of such artefacts in ancient times. Clay analysis plays a crucial role in studies of ancient ceramics, contributing with answers to better understanding resource exploitation strategies, production technologies, and regional and interregional interaction patterns. The vessels are made essentially by clays, the composition of the ceramics reflecting the origin of the clay materials used and conclusions may be inferred concerning the type of raw materials and the establishment of the geographic area of production.
Considering trace elements, the REE are a group particularly useful in geochemistry, since they can be a pointer of the genesis processes and subsequent alterations, which enables to better fingerprint clays, as well as ceramic pastes, contributing to the correlation with their potential raw materials. In this way, REE may have a special role in ancient ceramics provenancing and thus differentiating local productions from imports, a usual relevant question of cultural heritage researchers. fig. 3 . REE patterns of clays located near Braga of: weathered granite; weathered schists; sediments of the Prado basin;
and sediments belonging to small sedimentary basins (Ucha and Quebrosas). fig. 3 . Padrões de Terras Raras de argilas localizadas na região de Braga provenientes de: granitos alterados; xistos alterados; sedimentos da bacia do Prado; e sedimentos de pequenas bacias sedimentares (Ucha e Quebrosas).
